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The European Parliament stated that high-efficiency cogeneration is a Community priority given the 
potential benefits of cogeneration with regard to saving primary energy and reducing emissions. Accord¬ 
ing to this position, the performance of many micro-cogeneration systems have been assessed from an 
energy and environmental point of view. However, in the most part of cases, the assessments have been 
performed by using technical data from manufacturers and/or experimental results measured during 
steady-state operation, without considering the inefficiencies related to the transient periods; in addi¬ 
tion, few works have been devoted to analyze the system operation from an exergy-based point of view. 

In this paper the electric load-following operation of an internal combustion engine based micro¬ 
cogeneration unit with 6.0 kW as nominal electric output has been experimentally investigated in electric 
load-following operation during a 24 h dynamic test with the application of a realistic daily load profile 
representing the Italian domestic non-HVAC electric demand for a multi-family house of five dwellings. 
The measured data have been compared with those that would be associated with servicing the building 
with electricity from the central electric grid and heat from a natural gas fired boiler from an energy, 
exergy and environmental points of view. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

The European Union recently established ambitious targets to 
increase the utilization of renewable energy up to 20%, reduce 
greenhouse gas emissions by at least 20%, and achieve a primary 
energy saving of 20% by the year 2020 in relation to reported 
1990 levels [1], Taking into account that residential applications 
are likely to be significant energy consumers in all the industrial¬ 
ized countries, the reduction of greenhouse gas emissions in the 
building sector to a sustainable level will require tremendous ef¬ 
forts to increase both energy efficiency and the share of renewable 
energies. 

In the Directive 2004/8/EC of the European Parliament and of 
the Council [2] is stated that high-efficiency cogeneration (i.e. the 
combined production of electric power and thermal power, start¬ 
ing by a single primary energy source) is a Community priority gi¬ 
ven the potential benefits of cogeneration with regard to saving 
primary energy, avoiding network losses and reducing emissions, 
in particular of greenhouse gases. In addition, this Directive [2] af¬ 
firms that it is therefore necessary to take measures to ensure that 
the cogeneration potential is better exploited. 
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Taking into account that cogeneration may help to improve 
the situation on the supply side by cutting both the non-renew¬ 
able energy demand for residential buildings and peak loads in 
the electric grid, the study of micro-cogeneration systems 
(cogenerators with electric output lower than 50 kW) is gaining 
more and more interest in the scientific world. Many papers [3- 
21] assessed the MCHP unit performances and demonstrated 
that the micro-cogeneration technology (electric output lower 
than 50 kW) has the potential, if designed and operated cor¬ 
rectly, to reduce primary energy consumption and greenhouse 
gas emissions. In addition, micro-cogeneration can be economi¬ 
cally attractive, and, thanks to its distributed nature, may help 
to improve reliability and security of local and national electric¬ 
ity supply [22-24]. 

More and more micro-cogeneration systems appear on the mar¬ 
ket of residential heating appliances [25,26] based on different 
technologies of prime mover. Reciprocating internal combustion 
engine based cogeneration systems are usually the prime mover 
of choice for small scale cogeneration applications thanks to their 
well-proven technology, robust nature, and reliability. They are 
available over a wide range of sizes ranging from few kilowatts 
to more than several megawatts, and can be fired on a broad vari¬ 
ety of fuels with excellent availability, making them suitable for 
numerous cogeneration applications in residential, commercial, 
institutional and small scale industrial loads. 
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Nomenclature 



Latin letters 

Greeks 


AT 

acquisition time 

X 

molar faction 

B 

natural gas fired Boiler 

A 

difference 

c 

average specific heat (kj/kg 1<) 

P 

emission factor (kg/kW h) 

co 2 

carbon dioxide 

n 

efficiency 

cs 

conventional energy system 

p 

density (kg/m 3 ) 

E 

energy (kW h) 



Ex 

exergy (kW h) 

Superscripts 

Ex 

exergy rate (kW) 

E 

energy 

EU 

European Union 

el 

electric 

/ 

functional relationship 

p 

primary 

k 

quality factor 

th 

thermal 

GHG 

greenhouse gas 



h 

specific enthalpy (kj/kg) 

Subscripts 

HVAC 

heating ventilation air-conditioning systems 

B 

natural gas fired Boiler 

LHV 

lower heating value (kj/kg) 

cw 

cooling water 

m 

mass (kg) 

co 2 

carbon dioxide 

m 

mass flow rate (kg/s) 

cs 

conventional energy system 

MCHP 

Micro Combined Heat and Power 

Demand 

end-user request 

P 

power (kW) 

el 

electric 

PP 

Power Plant 

E 

energy 

RA1 

Relative Avoided Irreversibility 

Ex 

exergy 

s 

specific entropy (kJ/kgK) 

fuel 

natural gas 

T 

temperature (°C) 

gross 

related to the fuel consumption 

To 

dead-state or environment temperature (I<) 

i 

i th 

tco 2 er 

cogeneration C0 2 emission reduction 

in 

inlet 

u 

uncertainty 

MCHP 

Micro Combined Heat and Power 

V 

volumetric flow rate (Nm 3 /s) 

out 

outlet 

W 

generic pollutant 

P 

primary 

X 

measured value of generic parameter 

PP 

Power Plant 

X 

generic parameter 

th 

thermal 

Y 

generic measurand 




One of the key questions that has to be answered prior to the deci¬ 
sion to invest in a MCHP (Micro Combined Heat and Power) unit is 
the performance of the system in comparison to alternative systems. 
Today available micro-cogeneration systems already reach a very 
high total efficiency of more than 90% with respect to output of elec¬ 
tricity and heat and compared to the input of fuel. However these 
high values are often measured under stationary operation with 
nominal conditions. In real life heat and electricity demand is not 
constant, but it varies due to user requirements. So under real con¬ 
ditions, as they appear in residential buildings, MCHP units does 
not operate in steady-state regime; more generally they frequently 
passes through transient periods, especially during start-up or shut¬ 
down of the system. This has a negative influence on the efficiency of 
the system. In several papers [3-9] the MCHP unit performance have 
been assessed by using technical data from manufacturers and/or 
experimental values of system efficiency related to steady-state 
operation; this approach does not allow taking into account the inef¬ 
ficiencies of the unit during transient operation and, therefore, it is 
insufficient to make statements about practical suitability of MCHP 
systems. The small cogeneration units cannot be assessed without 
overall examination of their efficiency as applied to the thermal 
and electrical demand profiles of a practical application. 

As a consequence, only field trials under electric/thermal load 
profiles representative of real end-users with statistically meaning¬ 
ful sets of data can give a proper understanding and prediction of 
how efficient these technologies are [10-12,21 ]. As alternative, the 
performances of MCHP units can be assessed by following simula¬ 
tion approaches that use dynamic building and unit models able to 
closely reproduce the real system operation under different operat¬ 


ing scenarios. Compared to bench/field experiments that are expen¬ 
sive and time consuming, the simulation approach allows exploring 
a wide variety of operating scenarios [13-18], even if this approach 
is only able to partially reproduce the real system operation with an 
accuracy depending on the accuracy of the models of the systems 
components. 

An AISIN SEIKl reciprocating internal combustion engine based 
micro-cogeneration device fuelled by natural gas [27] is installed 
at the Built Environment Control Laboratory of Seconda Universita 
degli Studi di Napoli. The unit is able to realize part load operation 
by reducing the turning speed of the generator with 6.0 kW as 
nominal electrical output and 11.7 kW as nominal thermal output. 
Our research group [4] investigated experimentally the possibility 
of utilization of the same small cogeneration unit by evaluating its 
energy, economic and environmental impact implications in com¬ 
parison to Conventional Systems for separate production of heat 
and electricity. Encouraging results have been obtained: in fact 
the assessment showed that AISIN SE1KI system operation poten¬ 
tially allows for a significant reduction of both primary energy con¬ 
sumption and carbon dioxide emissions. However the analysis has 
been performed by considering experimental data achieved during 
steady-state operation in electric load-following logic at different 
electric output levels. The performance of the unit has not been 
investigated by considering its application in conjunction with a 
real electrical demand profile. 

In order to get a more detailed and accurate indication on the 
suitability of the AISIN SEIKl unit to supply heat and electricity 
to a building, its performance has been measured during a dynamic 
test with a duration of 24 h. The system has been operated in 
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electric load-following logic by applying a realistic daily electric 
load profile derived by the electric load profile suggested by Sasso 
et al. [28] representing the Italian domestic non-HVAC electric de¬ 
mand for a multi-family house of five dwellings. This profile is 
based on 10-min measurements onsite of the electric consump¬ 
tions during cold season of 110 flats located in six Italian regions 
analyzed for 3 years within the SAVE EURECO and MICENE projects 
[29]. The measured performances of MCHP unit have been com¬ 
pared with those that would be associated with servicing the 
building with electricity from the central electric grid and heat 
from a natural gas fired boiler in order to estimate the suitability 
of the investigated unit in comparison to Conventional Systems 
based on separate energy production. The most part of the scien¬ 
tific works assess the micro-cogeneration suitability based on the 
first law of thermodynamics. This law states that energy is con¬ 
served in every device or process; however, the energy conserva¬ 
tion idea alone is inadequate for depicting some important 
aspects of resource utilization due to the fact that it considers heat 
and work as commodities with the same quality: a comprehensive 
analysis of a thermodynamic system should include both energy 
and exergy analyses in order to obtain a more complete picture 
of system behavior. In fact the exergy analysis is a method that 
uses the conservation of mass and conservation of energy princi¬ 
ples together with the second law of thermodynamics and it is 
gaining increasingly widespread acceptance as a useful tool in 
the design, optimization and improvement of energy systems 
[32,33]. There is a lack of exergy-based performance analysis [8- 
9,17], especially for MCHP systems based on internal combustion 
engine systems. So the measured A1SN1 SEIKI unit performance 
has been assessed not only based on the first law of thermodynam¬ 
ics, but also from the second law of thermodynamics point of view. 
The measured data have been considered not only from an energy 
and exergy points of view, but also for evaluating the carbon diox¬ 
ide emissions related to MCHP system operation. 

The energy, exergy and environmental analyses have been per¬ 
formed for several efficiency values of the reference Conventional 
System based on separate electric and thermal energy production, 
by considering the most meaningful indexes suggested in litera¬ 
ture. The proposed methodology can be applied to other types of 
cogeneration systems. 


2. Experimental set-up 

A schematic diagram of the test apparatus installed at the Built 
Environment Control Laboratory of Seconda Universita degli Studi 
di Napoli detailing instrumentation components is shown in Fig. 1. 
The experimental set up is located in Frignano, a municipality in 
the Province of Caserta (around 20 km far from Naples). 

The micro-cogeneration device is the model GECC60A2 NR/P 
produced by AIS1N SEIKI [27]. This model is based on a natural 
gas fuelled reciprocating internal combustion engine with three 
cylinders, four strokes and a total displacement of 952 cm 3 . The 
unit has a rated electric output of 6.0 kW, and a nominal thermal 
output of 11.7kW. The thermal recovery during MCHP operation 
is obtained from the exhaust gases and the engine jacket of the mi- 
cro-cogenerator by using a water-glycol mixture as coolant. The 
heat recovered by the water-glycol mixture is transferred to the 
cooling water flowing in a plate heat exchanger located inside 
the unit. The cooling water is circulated by the wet rotor pump 
PI and its mass flow rate can be modified by varying the pump rev¬ 
olution speed: three different values can be manually set. The 
recovered thermal power is stored in an internal heat exchanger 
equipped 1000 dm 3 tank. The hot water storage is insulated with 
50 mm flexible polyurethane layer and is furthermore equipped 
with an auxiliary 4.0 kW electric resistance that can be fed by 
the micro-cogenerator. During the winter the thermal energy 
stored is used for heating a part of the entire building: the hot 
water in the storage tank is circulated into three fan-coils by using 
the wet rotor pump P2. 

In the following additional detail about AISIN SEIKI unit opera¬ 
tion are provided. In particular it can be noticed that the cogenera¬ 
tion device can operate in electric load-following logic or, as 
alternative, in thermal load-following logic. 

In case of electric load-following operation, the cogeneration 
device modulates its electric output according to the electric load 
required by the end-user. In the lab the electric demand profile 
can be varied by using eight halogen lamps; each lamp is equipped 
with a timer by means of which it is possible to schedule the 
switching on and the switching off of each lamp. As alternative, 
the micro-cogenerator can be operated in order to follow the elec¬ 
tric needs of the building for lighting and the operation of PCs, 
printers, plotters, etc. In this configuration, the unit is connected 



Fig. 1. Scheme of experimental apparatus (T: resistance thermometer; M: cooling water volumetric flow meter; W: Wattmeter; MG: natural gas volumetric flow meter; P: 
variable speed driven Pump; HE: internal Heat Exchanger; EV: Expansion Vessel; R: electric Resistance; ABHP: ABsorption Heat Pump). 
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in parallel to the electric grid. The unit is able to start only when 
the electric load is higher than about 300 W. 

As alternative to the electric load-following operation, the unit 
can operate according to an external temperature signal coming 
from a thermostat located on the recovery tank: when this temper¬ 
ature is lower than the set-point value, the unit operates providing 
its maximum electric output; when the water temperature in the 
storage exceeds the set-point value, the unit switches in standby 
mode operation. 

During both electric load-following operation and thermal 
load-following operation, A1SIN SEIK1 unit exhibits four different 
operating modes with markedly different characteristics 
[34,35]: 

- standby; 

- warm-up; 

- normal mode; 

- cool-down. 

Standby is the system mode operation when no electric or ther¬ 
mal output is requested; during standby operation the unit gener¬ 
ates no heat and consumes no fuel, but the electronic controllers 
within the unit require some electricity while awaiting activation. 
Warm-up is the period during which there is a static time delay be¬ 
tween activation of the unit and electrical power generation; dur¬ 
ing warm-up operation some electric power is consumed. During 
normal mode operation the MCHP system produces both thermal 
and electric power by consuming some fuel. Cool-down occurs just 
after normal mode operation, starting when the fuel supply has 
stopped and finishing when standby mode is entered; during 
cool-down, some heat is recovered, even if fuel consumption is 
not zero; some electricity is also required by the auxiliary electrical 
systems to complete the shutdown and no electric power is pro¬ 
vided to the end-user. 

The above-mentioned four modes of operation are not only 
inherent for the AIS1N SE1KI unit, but they general also for other 
types of micro cogeneration systems. As stated previously, system 
efficiency during steady-state operation is completely different 
from that one observed during the other operating phase: there¬ 
fore, taking into account the system operation during standby, 
warm-up and cool-down in assessing the performance of the unit 
is mandatory. 

The experimental plant is well instrumented in order to mea¬ 
sure directly the following parameters: 

• water temperature at inlet and outlet of MCHP system, water 

temperature within the tank; 

• exhaust gases temperature; 

• water mass flow rate going from MCHP system towards the 

storage; 

• natural gas mass flow rate entering the micro-cogenerator; 

• electric load applied to the MCHP system; 

• electric power supplied by the grid to the MCHP system; 

• electric power supplied by the MCHP system to the end-user. 

Water and exhaust gas temperatures are measured by using 
resistance thermometers PtlOO; water mass flow rate is obtained 
by using an ultrasonic mass flow sensor, while a thermal mass flow 
meter is installed to evaluate the natural gas volumetric flow rate; 
three watt-meters measure the electric power entering and exiting 
the unit. 

The parameters directly measured during the experiments and 
the instrumentation employed are specified in Table 1. The operat¬ 
ing range and the uncertainty associated to each instrument are 
also given in Table 1. 


Table 1 

Main characteristics of the plant instrumentation. 


Parameter 

Instrument 

Operating 

range 

Uncertainty 

T 

Resistance 
thermometer Ptl 00 

-50- 
100 °C 

±0.2 °C 

Few 

Ultrasonic volumetric 
flow meter 

0-50 1/ 
min 

±2.5% of full scale 

Wuel 

Thermal volumetric 
flow meter 

0- 

5.0 N m 3 /h 

±0.8% of reading ±0.2% 
of full scale 

Pd,MCHP,out. 

fel.MCHP.in 

Wattmeter 

0-6 kW 

0.2% of full scale 

Pd.demand 

Wattmeter 

0-10 kW 

0.2% of full scale 


The signals coming from the resistance thermometers PtlOO are 
acquired by three cFP-RTD-124 analog input modules (produced 
by National Instruments®), while the signals coming from the 
other sensors are managed by two cFP-Al-110 analog input mod¬ 
ules (produced by National Instruments®). Each acquisition device 
is a 16-bit resolution system with eight current outputs (4-20 mA). 
The digital data coming from the modules are sent to a personal 
computer. The software LabView 8.2 is used for both defining the 
acquisition frequency and recording all parameters. 

In addition to the instruments installed by the authors, the mi¬ 
cro-cogeneration device’s commissioning software GECMON al¬ 
lows recording additional intrusive measurements including 
temperature of water-glycol mixture exiting and entering engine, 
ambient temperature, engine revolution speed, etc. 


3. Measurement procedure and uncertainty 

When reporting the result of a measurement of a physical quan¬ 
tity, a quantitative indication of measurement uncertainty should 
be given so that those who use it can assess its reliability. Without 
such an indication, measurement results cannot be compared, 
either among themselves or with reference values given in a spec¬ 
ification or standard. 

In this paper the uncertainty associated to the measured flows 
of primary power, thermal power and electric power entering or 
exiting the MCHP system are evaluated according to the procedure 
suggested by the Guide to the expression of Uncertainty in Mea¬ 
surement [36]. According to [36], the uncertainty u associated to 
a measurand Y that depends upon a number of input quantities 
X],. . ,,X N can be performed by using the following formula: 


X >//^) 2 ■ uHx,) ( l ) 

i-l 

where/is the functional relationship between Y and Xi,... ,X N and y 
an estimation of the measurand Y obtained by substituting the mea¬ 
sured values X],.. ,,x N of the parameters Xi,.. ,,X N in Eq. (1). 

The electric power P e i,MCHP,out supplied by the micro-cogenera¬ 
tion unit to the end-user is directly measured through a wattmeter. 
Based on the manufacturer calibration certificate, in the following 
an uncertainty value of 0.2% of full scale (Table 1) is used for eval¬ 
uating its uncertainty. 

As stated above, during standby, warm-up and cool-down the 
MCHP system does not provide electricity to the end-user, but it 
requires some electric power from the grid due to the operation 
of electronic controllers and auxiliary electrical systems within 
the unit. The electric power P e i,MCHP,in supplied by the grid to the 
MCHP system is directly measured by means of a wattmeter with 
the same characteristics of that one used to measure P e i,MCHP,out 
(Table 1). 
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The primary power input P PiM chp is evaluated as the sum of two 
terms: the first one is the product of the mass flow rate rh fue i of the 
fuel (i.e. natural gas) and the lower heating value of the fuel LHV fuel , 
while the second one is the electric power P e i,MCHP,in supplied by 
the grid to the MCHP system: 

Ap,MClIP — rhfuei ' LHVfuel "F f*e| MciIP.in — Agross.MCHP.in "F A e l.MCHP,in (2) 

During normal mode operation electric power is provided to the 
end-user: as a consequence, it results P e i,MCHP,in = 0 and 

hp MCI IP — rhfuei ' LHVfuel = hgro'is.MCI [P in 

The fuel mass flow rate is obtained by the product of volu¬ 
metric flow rate and the natural gas density at measurement 
condition: 

rhfuei = Vfucl ■ Pfuel (3) 

As a consequence, the relative uncertainty of P PiM chp can be cal¬ 
culated as follows by applying the propagation of uncertainties 
[36]: 


U(Pth,MCHp)/flth,MCHP = \J U 2 (V CW )/V 2 W + U 2 (p cw )/p 2 w + li 2 (A/l cw )/AIj 2 w 

(7) 

The cooling water volumetric flow rate is measured by an ultra¬ 
sonic volumetric flow meter characterized by an uncertainty equal 
to 2.5% of full scale (Table 1). 

The uncertainty of enthalpy difference is evaluated by taking 
into account that: 

cw.out — ^cw.in) 1=3 C cw ' AT CW = C cw • (T cwou t — A cw ,i n ) (3) 

where c cw is the average cooling water specific heat. By applying the 
law of propagation of uncertainty given in [36], it can be derived 
that: 

u(Ah cw )/Ali cw = \J u 2 (c cw )/c 2 w + ii 2 (AT cw )/AT 2 w (9) 

The uncertainty of temperature difference depends on the type 
of thermometer: in particular, when the temperature difference is 
evaluated as the difference of two temperature measures, the 


t | (L , p,MCHp)/L > p,MCHP — y'U 2 ( Vfucl )/Vj( i( .| + tt 2 i/tfuel) / Pf ue i + tt 2 (LH V| uc |) /LH Vf Llc | + U 2 (A e i MCHP,in)/A p MCH p 


(4) 


Fuel volumetric flow rate measurement is carried out by 
means of a thermal mass flow meter with an uncertainty rated 
by manufacturer equal to ±0.8% of reading ±0.2% of full scale 
(Table 1). 

The accuracy in density measurement depends mainly on 
uncertainty related to mixture composition [37]; the estimated va¬ 
lue is typically around ±(0.10-0.50)% of reading [38]: in the follow¬ 
ing an uncertainty value equal to ±0.10% of the density 
measurement is assumed. 

The lower heating value is defined as follows: 

LHVf ue | = • LHV, (5) 

i 

where Xi is the molar fraction of i th component and LHV, is the 
heating value of i th component. The main factors of uncertainty 
on LHVf U ei depend on instrumental uncertainties and the mixture 
composition and on the lag composition settings. The lower heat¬ 
ing value is usually measured indirectly, by manually setting up a 
gas mixture composition that is not referred to a single final user 
of the natural gas grid, but is calculated for a macro-zone of the 
grid as a whole, typically on a monthly base. In this case, that is 
by far much frequent for small and medium cogeneration, the va¬ 
lue of LHVf UC i is usually provided by the local gas utility, and the 
extended relative uncertainty for the lower heating value is obvi¬ 
ously great. Our lab is not equipped with an instrument for mea¬ 
suring the natural gas composition: as a consequence, in the 
following a relative uncertainty value equal to 5.0% is assumed, 
according to what is reported in [38-40]. 

The thermal power Pth.MCHP recovered from MCHP unit is the 
product of the cooling water mass flow rate and the enthalpy dif¬ 
ference between the inlet and the outlet of the closed cooling 
water loop: 

A th .mci ip — rcicw ■ Ali cw — rh cw • (hew,out — hew.in ) 

— Vcw ' Pew ' (hew,out — hew,in) (6) 

Therefore the thermal power uncertainty can be calculated as 
follows: 


relative uncertainty may reach very high values. In fact u c (AT cw ) 
should be calculated as follows: 

U(ATew) = (Tew,out)+ U 2 (T CW ,i„) (10) 

In this paper the uncertainty associated to both c cw and p cw is 
neglected. 

4. Experimental results 

An European Project, called “SAVE Eureco” [29], has been per¬ 
formed with the main aim to evaluate the electricity uses in the res¬ 
idential sector of 5 European countries (Italy, Greek, Denmark, 
France, Portugal) in order to producing reference information on a 
European scale that will allow all the research teams, and all the 
organizations that work in the modeling and forecasting of electrical 
consumptions, to base their works on reliable data and on sane basis. 

A report published by the Politecnico of Milano shows the mea¬ 
surements onsite of the electric energy consumptions in the Italian 
residential sector carried out within the SAVE Eureco project [29]. 
The data described in this report are referred to 110 flats (located 
in six different Italian regions) characterized by an average surface 
area of 106 m 2 , a number of occupants ranging between 2 (9% of 
cases) and 5 (14% of cases) and by an average annual electric en¬ 
ergy consumption equal to 3229 kW h. The electric energy con¬ 
sumptions related to standby operation, electric water heaters, 
power supply for gas boilers, cold domestic appliances, lighting 
systems, laundry, dish-washing and cleaning appliances, personal 
computers and audiovisual appliances have been recorded every 
10 min during a 3 years span of time (from 2000 to 2002). Accord¬ 
ing to the onsite measurements reported in [29], Sasso et al. [28] 
derived a daily Italian domestic electrical non-HVAC demand pro¬ 
file during cold season for a Single Family House (SFH) located in 
the south of Italy with 120 m 2 as usable floor area. Superposition 
of several SFH profiles provides the 5-dwellings multi-family house 
electric load profile depicted in Fig. 2 (dashed red 1 line). 


1 For interpretation of color in Figs. 2 and 3, the reader is referred to the web 

version of this article. 
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Fig. 2. Electric demand profiles. 
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In order to assess the performance of the MCHP system de¬ 
scribed in Section 3, the unit has been operated in electric de¬ 
mand following logic by applying an electric load as much as 
possible close to the electric profile indicated in Fig. 2 by the 
dashed red line [28]. The daily electric load profile indicated 
by the solid blue line in Fig. 2 has been actually applied to the 
MCHP unit during the experiment. The difference between the 
dashed red line (electric load suggested in [28]) and the solid 
blue line (actual electric load applied to the MCHP unit) is basi¬ 
cally due to the fact that at our lab the electric load applied to 
the MCHP unit (solid blue line) is defined by managing the oper¬ 
ation of the eight halogen lamps characterized by different nom¬ 
inal electric power: as a consequence, it has not been really 


possible to rigorously follow the electric profile indicated by 
the dashed red line [28]. Even if the electric load indicated by 
the dashed red line in Fig. 2 is never zero during the day, the 
electric load actually applied to the cogeneration device (solid 
blue line in Fig. 2) is null during a portion of day because the 
MCHP unit under investigation is able to provide a net electric 
output to the end-user only in case of the electric load is larger 
than a minimum value (equal to about 500 W). 

The electric profile actually applied to cogeneration device in 
this paper is characterized by variations in time around stepwise 
levels. As known, the electric load usually contains high-frequency 
fluctuations due to use of appliances, lights and so on; however 
electric load profiles with trend very similar to the one considered 
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in this paper have been suggested also in several other published 
works for a 10-flats apartment [30,31]. 

In Fig. 3 the primary power P p , M chp consumed by the unit (black 
line), the electric output P e i,MCHP.out of the MCHP system (dashed 
green line), and the thermal power P t h,MCHP recovered from the 
exhaust gases and the engine jacket of the micro-cogenerator (dot¬ 
ted red line) are reported as a function of the time. The values re¬ 
ported in this figure represent the AISIN SE1KI unit operation under 
conditions as they could occur in the residential sector in case of 
electric load-following operation. So these values are valuable to 
assess the MCHP unit performance thanks to the fact that they al¬ 
low to take into consideration also the system operation during 
transient periods. 

Maximum values of P PiM chp, Pui.mchp and P e i,MCHP,out specified in 
Fig. 3 are, respectively, 16436.6 W, 9398.1 W and 3320.0 W. The 
values of P p , mchp have been calculated through Eq. (2), by assuming 
Pruci = 0.719 kg/m 3 [34,35] and LHV fue | = 49599 kj/kg according to 
the natural gas composition suggested in [41]; Eq. (6) has been 
used to compute the values of Pth.MCHP with c cw = 4.187 kJ/kgK 
and p cw = 1000 kg/m 3 , while P e i,MCHP,out has been directly mea¬ 
sured. As stated above, the MCHP unit consumes some electricity 
during standby, warm-up and cool-down operation. The electric 
power Pei.MCHP.in supplied by the grid during the experiment ranges 
between 90 W (standby and warm-up) and 190 W (cool-down). 
Each parameter reported in Fig. 3 has been measured and logged 
every 30 s. 

According to the procedure described in Section 3, the uncer¬ 
tainty associated to the values of P e i,MCHP.out, Pth.MCHP and P p , M chp 
has been estimated: both minimum and maximum value of uncer¬ 
tainties derived in the operating conditions investigated in this 
study are reported in Table 2. As can be derive from Table 2, uncer¬ 
tainty ranges between 7.2% and 9.8% for the thermal power, while 
it varies from 0.4% to 1.3% for the electric output. The maximum 
uncertainty in the evaluation of primary power (13.3%) is reached 
while the system is not operating in steady state mode; during 
steady-state operation u(P PiM chp) is nearly constant and equal to 
about 5%. 

According to the values of power reported in Fig. 3, the values of 
the cumulative primary energy E PiM chp consumed by the MCHP 
system during the entire test (that is the sum of the daily energy 
Egross.MCHP.in associated to the fuel consumption and the daily en¬ 
ergy Eei.MCP.in related to the electricity supplied by the grid to the 
unit during standby, warm-up and cool-down operation), the 
cumulative electric energy Eei.MCHP.out supplied by the MCHP sys¬ 
tem to the end-user during the test and the cumulative thermal en¬ 
ergy Eth.MCHP recovered from the MCHP system during the test have 
been calculated: 

— E p .mchp= 177.9 kWh; 

~ Eg r 0 ss,MCHP.out = 176.9 kW h, 

— Eei.MCHP.in =1-0 kW h; 

— Eei.MCHP.out = 25.2 kW h; 

— Eth.MCHP = 99.9 kW h. 


Table 2 

Minimum and maximum uncertainties in the investigated experimental conditions. 



Uncertainty 




Minimum 

(%) 

Maximum 

(%) 

Minimum 

(W) 

Maximum 

(W) 

^el.MCHP.out 

0.4 

1.3 

12.0 

12.0 

Eth.MCHP 

7.2 

9.8 

502.2 

757.5 

Pp.MCHP 

5.2 

13.3 

12.0 

853.8 


Fig. 4 shows the time-varying evolution of the electrical effi¬ 
ciency (defined as the ratio between P e i, mchp, out and P p , M chp) and 
thermal efficiency (defined as the ratio between P^mchp and 
Pp.mchp) measured during the test. As can be derived from this fig¬ 
ure, both electrical and thermal efficiencies are strongly dependent 
from the electric output of the unit. In particular, the experimental 
data show that the thermal efficiency increases (up to about 60%) 
at decreasing the electric output, while the electric efficiency rises 
(reaching a maximum value of about 20%) with increasing the elec¬ 
trical power. 

These data measured during the 24 h experiment have been 
used in the following for assessing the performance of the AISIN 
SEIKI unit in comparison to a Conventional System (CS) based on 
separate electric and thermal energy production (composed by 
the national electric grid supplied through a Power Plant and a 
natural gas fired boiler). The assessment has been performed 
from an energy, exergy and environmental point of view. Taking 
into account that there is no definitive basis for the selection of 
a reference system that is accepted by all and there is no empir¬ 
ical solution or way to prove which reference system is best, the 
assessment has been performed for various efficiencies values of 
both Power Plant (PP) and gas fired Boiler (B). As known, a boiler 
is characterized by a transient behavior: in this paper its transi¬ 
tion period has been considered as negligible and it is not taken 
into account in the estimation of the Conventional System 
performance. 

5. Energy and exergy-based analysis 

In order to compare the MCHP device and the Conventional Sys¬ 
tem from an energy point of view, the following indicator AP p is 
adopted: 

AP p = (Pp.cs “ Pp.MCHp)/Pp.MCHP (11) 

where P pC s is the primary power consumed by the Conventional 
System for supplying the same output (P e i, mchp, out + P^mchp) of 
the MCHP unit. The values of P pCS can be computed as reported 
below: 

Pp.cs = Pel.MCHP.out/Ppp.CS + Eth.MCHP/P b.CS (12) 

where ;/ P PC s and i; B C s represent the Power Plant (PP) efficiency and 
the Boiler (B) efficiency, respectively. In the analysis the electric 
power consumed during boiler operation is neglected. 

Concerning the reference efficiency values, figures of 
ij pp.cs = 0.461 (about the Power Plant average efficiency in Italy, 
including line losses [42]) and J7 b.cs = 0.85 (average natural gas 
fired boiler efficiency) could be adopted for evaluating the perfor¬ 
mance of Conventional System. 

A positive value of AP p indicates that the MCHP system allows 
for a primary power saving in comparison to the Conventional 
System. 

Fig. 5 shows the values of AP p calculated by using Eqs. (11) and 
(12) according to the above-mentioned figures of ?7 PP-C s and J/b.csI 
the values of P p .mchp and P p C s are also reported on the right-hand 
y axis of the same figure. 

As can be derived from Fig. 5, AISIN SEIKI unit allows for an en¬ 
ergy saving (AP p > 0) only while an electric power higher than 
around 2.3 kW is supplied to the end-user; maximum value of 
AP p is around 11.1%. 

Values of AP p plotted in Fig. 5 have been calculated according to 
the values of instantaneous powers reported in Fig. 3; however the 
primary energy saving indicator could be also defined in terms of 
cumulative energies produced or consumed during the entire 
experiment by the unit: 

AE P = (£ p .cs - Ep.MCHp) /Ep.MCHP ■ 100 


(13) 
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Fig. 4. Electric and thermal efficiencies as a function of the time. 
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Fig. 5. Values of AP p , P p>M chp and P pCS as a function of the time. 


where £ PiM chp = 177.9 kW h is the primary energy consumed by 
MCHP system during the entire test and £ PiC s is the primary energy 
consumed by the Conventional System for supplying the same en¬ 
ergy output (£ e i, mchp, out + £th,MCHP = 25.2 1<W h + 99.9 kW h) of the 
cogeneration unit. The values of £ pC s can be calculated as reported 
below: 

Ep.cs — f^el MCI IP.out /^/pp cs T ^th.MCHp/^?B CS (14) 

As for AP p indicator, a positive value of A£ p indicates that the 
MCHP system allows for a primary energy saving in comparison 
to the Conventional System. 

In Fig. 6 the values of A£ p calculated by means of Eqs. (13) and 
(14) are plotted as a function of both Power Plant efficiency and 
boiler efficiency, with ij PPC s ranging between 30% and 60% and jjb.cs 
ranging from 80% to 105%. 


With respect to the thermal efficiency, based on LHV of the fuel, 
the range 85-105% has been considered in order to take into ac¬ 
count the performance of a gas-fired condensing boiler. 

Fig. 6 shows that, in the operating conditions investigated in this 
paper, the energy saving increases with decreasing both r/ PPC s and 
i/b.cs- It results that, whatever is the value of ij B ,cs. the figure of A£ p 
reduces of about 23% when i/ PPC s decreases from 60% to 30%; on 
the other hand, whatever is the value of ); PPtC s. the figure of A£ p re¬ 
duces of about 17% when j/ b .cs decreases from 105% to 80%. The max¬ 
imum value of A£ p is around +17%, which is achieved when 
f?pp,cs = 30%and rj B ,cs = 80%. In addition it can be derived that the 
increment of A£ p due to an improvement of Power Plant efficiency 
equal to 5% decreases at increasing the starting value of ;/ PPC s. rang¬ 
ing between 6.8% (case of j? pp ,cs increasing from 30% to 35%) and 2.1 % 
(case of f/ PPiCS increasing from 55% to 60%): this is true whatever is 
the value of in the same way, it can be observed that, whatever 
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is the value of r\ PPC s. the increment of A£ p due to an improve¬ 
ment of boiler efficiency equal to 5% decreases at increasing 
the starting value of t] B ,cs. ranging from 4.1% (case of )? B .cs 
increasing from 80% to 85%) to 2.7% (case of ); B cs increasing 
from 100% to 105%). 

If the Power Plant efficiency is 46.1% (Italian context [42]) and 
the boiler efficiency is 85% (average boiler efficiency) the value of 
AE P results about -3.2%; as a consequence, the Conventional Sys¬ 
tem allows for a little reduction of primary energy consumption in 
comparison to MCHP system operation in case of )/ PPi cs = 46.1% and 
'Ib.cs = 85%. 

The above-mentioned results have been obtained based on 
the first law of thermodynamics; cogeneration plants are nor¬ 
mally examined using energy analysis but, as pointed out previ¬ 
ously, a better understanding is attained when a more complete 
thermodynamic view is taken, which uses the second law of 
thermodynamics in conjunction with energy analysis via exergy 
methods [8-9,17,32,33]. Exergy analysis helps in determining 
the true magnitudes of losses and their causes and locations, 
and improve the overall system and its components. 

For a cogeneration system producing electricity and heat, the 
exergy efficiency or second law efficiency can be defined as the ra¬ 
tio between the total exergy output (electricity and heat) and the 
primary exergy input as reported below: 

I/ex.MCHP = ( EX,.| mci ip.out “F EXth,MCH P )/Ex p MCHP (15) 

where Ex e i,MCHP,our is the exergy rate associated to the electrical 
power output, Ex th ,MCHP is the exergy rate associated to the transfer 
of heat and Ex pM chp is the exergy fuel input rate. The values of 
EXeiMCHPout anc * E x p mchp are given, respectively, by Eq. (16) and Eq. 
(17): 

EXePMCHP.out —/q.el ' Eel,MCHP,out (lb) 

EXp MCHP /q fuel ‘ tfifuel ‘ EHVf ue | + fq c\ ' Tel.MCHP.in (17) 

where/ q e i is the quality factor for the electric power and /q,f ue i is the 
quality factor for fuel (natural gas): in this paper, / q>e i = 1 and 
/q.ruei = 1-04 [32] are used. 


Taking into account that heat is transferred from cooling water 
exiting the internal combustion engine to a secondary fluid in a 
heat exchanger, one can express the exergy rate of process heat 
as the exergy increase of the cold fluid in the heat exchanger by 
using the following formula [8[: 

EXth.MCHP = mew • [(Itcw.MCHP,out ~ (icw.MCHP.in) “ To ■ (S cw ,MCHP,out 

— S cw , MCHP,in)] (18) 

where /icw.MCHP.out and /i C w,MCH P ,m are the specific enthalpies of cool¬ 
ing water exiting and entering the MCHP system, respectively; 
Scw.MCHP.out and s CWiMCHP ,in represent the specific entropies of the 
cooling water exiting and entering the MCHP system, respectively; 
T 0 is the dead-state or environment temperature. 

An important issue in exergy analysis is the definition of the 
dead-state point, which represents conditions where the specific 
exergy is zero. Despite no recommended value was given in lit¬ 
erature, the definition of the dead state conditions is a very 
important issue and should be chosen carefully. In this study, 
the outdoor temperature measured occurred during the test 
was assumed as reference temperature, aiming to be a result 
as close as possible to equilibrium between system and its 
boundary environment. 

The specific enthalpy variation and the specific entropy varia¬ 
tion in Eq. (18) are calculated by using the following formulas 
according to the measured values of cooling water temperature: 

(icw.MCHP.out — (icw.MCHP.in — Qw ' (few.MCI IP, out ““ 7 cw,MCHP, in) (19) 

Scw.MCHP.out — Scw,MCHP,in — Q:w ‘ lit (7 C w, MCHP, out/7cw MCIIP in) (20) 

In Fig. 7 the values of thermal power P t h,MCH P recovered from 
MCHP system and primary power P PiM ch P consumed by the unit 
are compared with the exergy fuel input rate Ex pM chp (Eq. (17)) 
and exergy rate of process heat Ex t h, M cHP (Eq. (18)). 

As can be derived from Fig. 7, the difference between thermal 
power and exergy rate of process heat are significant: in fact 
EXth.MCHP is about seven times lower than P t h.MCH P - A small differ¬ 
ence of about 4% is found between P PiM ch P and Ex p M ch P : this is 
due to the quality factor of the primary energy source that we as¬ 
sumed equal to 1.04 [32]. 
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Time (hh:mm) 


Fig. 7. Values of P thi MCH p. P p ,mchp. Ex p ,mchp and Ex^mchp as a function of the time. 



Fig. 8. Values of RAI, Ex MC hp. Ex b ,cs and Ex P p. C s as a function of the time. 


An indicator for exergy analysis, named Relative Avoided Irre¬ 
versibility (RAI), has been proposed in [8] with the aim to compare 
the irreversibilities (or exergy destruction) generated during the 
conversion process for the MCHP unit and the Conventional Sys¬ 
tem based on separate energy production. In this paper the indica¬ 
tor RAI is expressed by this equation: 

RAI = (Exes — Exmchp)/Exmchp 

= (EXb.CS + EXppcs)/(Ex p MCHP — EXetMCHP.out — Ex t h,MCHp) — 1 (21) 

where the exergy loss Ex B ,cs related to the boiler and the exergy loss 
Exppcs of the Power Plant can be calculated as follows: 


EXb,CS = EXp_B.CS — Ex t h.B,CS 

~/q.fuel ' P|h.MCIIP/i?B CS /q.fuel ‘ Pth.MCHP (22) 

EXpp.cs = EXppp.cs — EXei.pp.cs 

~/q.fuel ' Pel, MCI IP,out /t?pp.es /q.fuel ' Pel.MCHP.out (23) 

Eq. (23) is derived by assuming that the electric grid is fed by a 
natural gas fired Power Plant (J q .fuel = 1 .04). 

RAI indicator can be regarded as the exergy loss that is avoided 
when reference plants with separate production are replaced by an 
actual MCHP plant: a positive value of RAI means that the case of 
MCHP under analysis gives a lower irreversibility than the 
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conventional system, i.e. cogeneration device provides an improve¬ 
ment with respect to the separate energy production. 

Fig. 8 shows the values of RAI calculated by using Eq. (21) with 
r\ pp.cs = 0.461 and ;; B ,cs = 0.85; the exergy rate Ex M chp of the MCHP 
system, the exergy rate Ex B of the boiler and the exergy rate Ex PP of 
the gas fired Power Plant are also reported on the right-hand y axis 
of the same figure. 

As can be derived from Fig. 8, in comparison to the Conventional 
System, AISIN SEIKI unit allows for a reduction of the irreversibil¬ 
ities while the electric load assumes the highest values, i.e. from 
9:00 a.m. to 10:00 a.m. and from 7:00 p.m. to 8:00 p.m.; maximum 
value of RAI is about 15%. 

However the estimation of irreversibilities can be performed 
also by referring to the cumulative energies (instead of to the 
instantaneous values of power) as follows: 

RAIe = (Exes — Exmchp)/Exmchp 

= (Exb,cs + Ex P pcs)/Exmchp — 1 (24) 

where Ex MCHP is the exergy related to MCHP system, Ex B C s is the 
exergy related to Boiler of Conventional System, and Ex PPCS is the 
exergy related to Power Plant of Conventional System. They can 
be calculated as follows: 

EXmchP “ ./q.fuel ' Efuel.MCHP.in “F Jq.el ' Eel.MCIIP.iil - /q.el ' EdMCIIPout 

~ Jq.fuel ' Eth.MCHP (25) 

EXb,CS + EXpp cs =/q.fuel ’ (Efh.MCHp/^B.CS ~ E t h.MCHp) +/q,fuel 

' (Eel,MCHP,out/'/ppcs — Eel,MCHP,outJ (26) 

In Fig. 9 the values of RAI E calculated by means of Eq. (24) 
are plotted as a function of both boiler efficiency and Power 
Plant efficiency, with ;; PP ,cs ranging between 30% and 60% and 
'7b, cs ranging from 80% to 105%. With respect to the thermal effi¬ 
ciency, based on LHV of the fuel, the range 85-105% has been 
considered in order to take into account the performance of a 
gas-fired condensing boiler. 

Fig. 9 shows that, in the operating conditions investigated in 
this paper, the values of RAi E increases with decreasing both ?7 PP , C s 
and The maximum value of RAi E is around 22%, which is 


achieved when r\ PPiC s = 30% and // BC s = 80%; the minimum value 
of RA1 e is around -29%, which is achieved when q PP ,cs = 60% and 
'7b,cs = 105%. In addition it can be noticed that, when i/ PPC s de¬ 
creases from 60% to 30%, the increment of RA1 E is about 30% what¬ 
ever is the value of tj B C s; on the other hand, when i) B C s decreases 
from 105% to 80%, RAI E increases about 21% whatever is the value 
of J/pp.cs- If the Power Plant efficiency is 46.1% (Italian energetic 
context [42]) and the boiler efficiency is 85% (average boiler effi¬ 
ciency) the value of RAI E results about -3.9%: this means that Con¬ 
ventional System allows for a slight reduction of irreversibilities in 
comparison to the cogeneration unit. 

6. GHC emission saving evaluation 

The assessment of any pollutant emission from a combustion 
device can be assessed through an energy output-based emission 
factor approach [6]. According to this approach, the mass of a 
given pollutant w emitted while producing the energy output E 
can be worked out as: 

< = /4 ■£ (27) 

where fl F w is the energy output-based emission factor, that is, the 
specific emissions of w per unit of E. This factor depends upon sev¬ 
eral operating and structural variables, such as the specific equip¬ 
ment, partial load operation, age, state of maintenance, outdoor 
conditions, pollutant abatement systems, and so forth. 

Eq. (27) can be used for considering the emissions of any type of 
GHG for both the MCHP system and the CS. However, as far as 
emissions from fuel burning are concerned, in general C0 2 emis¬ 
sions prove to be quantitatively much more important than other 
GHG emissions [43]. Emissions of other important GHG such as 
methane, in any case, are typically comparable for MCHP system 
and the CS [43-45], Therefore, at first approximation, GHG emis¬ 
sions other than C0 2 can be neglected. Thus, only the carbon diox¬ 
ide emissions will be considered in the analyses carried out in this 
paper. 

Chicco and Mancarella [6] introduced the novel TC0 2 ER indica¬ 
tor for C0 2 emission reduction evaluation in MCHP systems. In this 
paper it is defined as follows: 



Fig. 9. Values of RAI E as a function of t; PPCS and ^ Bcs . 
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TCO 2 ER = (rrico 2 , CS — mco 2 ,MCHp)/ttico 2 ,MCHP 

= |AT ■ (jU c02 , CS el • Pel,MCHP, out + Pc 0 2 > CS th • Pth.MCHP^J / [AT ■ (Mc0 2mchp ' ^ fuel ' LHVf ue l + Pc0 2cs ' Pel,MCHP, in)] - 1 

= [^" (Pc 0 2ts ' ^el,MCHP,out + Pc0 2 cs ' Pth.MCHp/t?B,Cs) j / AT ■ ^Pc0 2 MCHP ' ^fuel ’ LHVf ue i + Pc0 2 cs ' E’el.MCHP.in) ] — 1 (28) 


where mco 2 ,MCHP is the C0 2 mass emitted while burning the fuel 
input to the MCHP system, m c o 2 ,cs is the C0 2 mass emitted while 
producing the same cogenerated energy vectors in reference CS 
technologies, AT is the acquisition time (equal to 30 s), ^ 02 MCHP 
and /i£ 02 cs are the primary energy output related emission factors 
for the MCHP unit and the CS, respectively, ^' 02 cs and /.(^ cs are 
the energy output related emission factors for the CS of electricity 
and heat, respectively. 

TC0 2 ER indicator allows for evaluating if, with respect to the 
Conventional System, there is potential for getting C0 2 emission 
reduction for the given gas-fuelled MCHP system in a given energy 
framework: a positive value of TC0 2 ER means that the MCHP de¬ 
vice gives lower carbon dioxide emissions than the Conventional 
System. 

For a given fuel, the C0 2 emission factor Pco 2MCHP referred to the 
primary energy released when burning the fuel can be considered 
constant at first approximation. In fact Pco 2MCHP can actually change 
when the MCHP unit operates in generic off-design conditions. In 
this case, typically the combustion characteristics worsen, bringing 
about incomplete combustion and thus a decrease of C0 2 specific 
emissions [44,45]. However, this behavior can be neglected at first 
approximation, as done in several studies [44,46,47]. In addition, 
considering a constant Pc 0 ' s conservative for what concerns 
the assessment of C0 2 emission reduction brought by a combined 
system with respect to the CS. 

A main conceptual difference between the AP p and the TC0 2 ER 
has to be pointed out. In the expression (11) of AP p the specific 
technologies are only addressed for assessing the relevant efficien¬ 
cies, but no matter the actual fuels. Differently, when evaluating 
the C0 2 emission performance through the TC0 2 ER not only the 
technologies, but also the fuel inputs to the different systems are 
relevant. In the hypothesis that the same fuel is adopted for all 
the systems involved in the analysis (combined and separate gen¬ 
eration), the TC0 2 ER would assume the same numerical value of 
the APp. 

The expression (28) allows running general parametric analyses 
of different types, considering different emission factors for the 
Conventional System. In fact, different fuels exhibit different car¬ 
bon chemical contents and thus their burning would generate dif¬ 
ferent C0 2 emissions [43-44]. In addition, if the CS makes 
reference to the power system in a given context, the actual gener¬ 
ation mix can be based upon various alternatives. In particular, 
electricity production from renewable sources such as wind or 
sun, as well as from nuclear energy, is virtually characterized by 
zero C0 2 emissions. For this purpose, Table 3 reports the average 


Table 3 

C0 2 specific emissions for electricity production and natural gas consumption in 
different countries [40], 



Italy 

France 

Norway 

EU15 

USA 

Japan 

/^(Wfcwhd) 

525 

78 

3 

362 

610 

389 

/ i co 2iCS (gco 2 /kWh p ) 

200 

203 

201 

203 

201 

202 


C0 2 emission factors from electricity production and natural gas 
consumption in different countries for the year 2003 [48]. 

The average C0 2 emissions depend upon the technology mix 
adopted for producing electricity. Thus, the emissions in Norway 
are significantly lower than for the other countries, as the genera¬ 
tion system is based upon renewable sources such as hydroelectric 
power. Italy has a power generation system with no nuclear power 
and with about 20% of hydro-electricity; the main part is thermal- 
based, with a mix of fuels from coal to oil. 

In the following it is assumed to feed the cogenerator and the 
reference heat generator with the same fuel (i.e. natural gas): in 
this hypothesis, it results that /(co 2CS = /*co 2MCHP - 

in Fig. 10 the values of TC0 2 ER indicator are plotted as a func¬ 
tion of time based on the values of P p , M chp. Pei.Mmp.out and P t h,MCHP 
measured during the experimental test depicted in Section 4. 
Values of TC0 2 ER reported in Fig. 10 have been computed 
with reference to average emissions from the Italian systems 
(Pco 2 , a = 525 g C02 /kW h el and = H P C02Mcm = 200 g C o 2 /l<W h p ), 
by assuming 0.85 as reference boiier efficiency. 

It can be derived that, in the operating conditions investi¬ 
gated in this paper, MCHP system allows for a reduction in car¬ 
bon dioxide emission (TC0 2 ER > 0) during the most part of the 
experimental test duration; C0 2 emissions related to the Con¬ 
ventional System becomes lower than those associated to the 
cogeneration unit during stand-by, warm-up and cool-down 
operation, as well as during steady-state operation at low elec¬ 
tric output level. 

As stated above, TC0 2 ER indicator is a function of the C0 2 spe¬ 
cific emissions for electricity production and fuel consumption 
(depending on the country as specified in Table 1), as well as of 
the CS thermal efficiency. As a practical example, TC0 2 ER is plotted 
in Fig. 11 as a function of and thermal efficiency of the reference 
boiler. The values reported in Fig. 11 have been calculated based 
on the values of energies consumed or produced by the MCHP 
during the experimental test (Egross.MCHP.out = 176.9 kW h, 
Eel.MCHP.in =1.0 1<W h, Eel.MCHP.out = 25.2 1<W h, Eth.MCHP = 99.9 kW h) 
specified in Section 4. 

From Fig. 11, it can be derived that: 

- the C0 2 emission reduction decreases with increasing the refer¬ 
ence boiler efficiency; 

- the C0 2 emission reduction increases with decreasing the per¬ 
centage of electricity production coming from renewable 
sources; 

- maximum value ofTC0 2 ER is about +11% (average mix of Power 
Plant technologies of USA, with reference boiler efficiency equal 
to 80%); 

- minimum value of TC0 2 ER is about -46% (average mix of Power 
Plant technologies of Norway, with reference boiler efficiency 
equal to 80%); 

- there is a carbon dioxide reduction by using MCHP system 
instead of the CS (TC0 2 ER > 0) only for two countries: USA with 
<7 b,cs lower than 0.95 and Italy with i) B C s lower than 0.87; 

- the value of TC0 2 ER is about +2% in case of Italian average mix 
of Power Plant technologies and i; B ,cs = 0.85. 
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Fig. 10. Values of TC0 2 ER as a function of the time. 



7. Conclusions 

The performance of an internal combustion engine based mi¬ 
cro-cogeneration unit with 6.0 kW as nominal electric output has 
been experimentally investigated during a 24 h dynamic test. The 
system has been operated in electric load-following logic by apply¬ 
ing a realistic daily electric load profile representing the Italian 
domestic electrical non-HVAC demand for a multi-family house 
of five dwellings. The performed experiment allowed taking into 
account the electric and thermal operation of the unit not only dur¬ 
ing steady-state operation, but also during transient periods. 

The measured data have been compared with those that would 
be associated with servicing the building with electricity from the 


central electric grid and heat from a natural gas fired boiler from an 
energy, exergy and environmental point of view in order to assess 
the suitability of the small cogeneration unit in comparison to a 
Conventional System based on separate energy production. The 
comparison has been performed by using the most meaningful in¬ 
dexes suggested in literature and considering various efficiency 
values of the reference system (from 30% to 60% for the electric 
grid and from 80% to 105% for the boiler). 

The performed assessment showed that, in comparison to the 
Conventional System based on separate energy production, the 
MCHP unit allows reducing the carbon dioxide emissions of about 
2% in case of Italian average mix of Power Plant technologies and 
>7b,cs = 0.85 (average boiler efficiency), even if it requires a slightly 
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higher primary energy consumption (+3.2%) and gives larger irrev¬ 
ersibilities (+3.9%). 

Taking into considerations that the utilization and wide diffu¬ 
sion of MCHP is strongly related to the characteristics of final users, 
a model of the AIS1N SEIKl unit experimentally investigated in this 
paper has been already calibrated and validated for TRNSYS envi¬ 
ronment [34,35,49-51]. This model will be used in the future for 
assessing the cogeneration unit performance in comparison to 
the reference Conventional System under several different operat¬ 
ing scenarios (thermal and electric demand profiles to be matched, 
logic of operation, etc.), also from an economic point of view. 
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